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ABSTRACT
Thermogravimetric measurements as a function of oxygen
activity were performed in the temperature range of 1200°C
to 1400°C

on a series of La-doped SrTiO^ compounds.

A

model postulating the crystallographic accommodation of
ionic defects induced by the donor under oxidizing condi
tions is assumed.

Thermodynamic calculations were per

formed to compare this model to the experimental results
with reasonable success.
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I. INTRODUCTION
Recently, the perovskite-class oxide SrTiO^ has
received considerable attention due to its possible uses as
a dielectric or as a photocatalysis electrode, but unfor
tunately, the work published to date does not clearly define
the defect chemistry of pure and doped SrTiO^.
The early work of Walters and Grace1 and Yamada and
Miller

2

on single crystal SrTiO^ both give strong evidence

that reduced SrTiO^ is an n-type material with oxygen
vacancies

(V^*) as the predominant defect, a finding that

has been supported by electron pair resonance measurements1.
4
5
Chan, et al. , and Balachandron and Eror have performed
conductivity vs. partial pressure of oxygen (P_ ) experiu2
ments on high purity polycrystalline SrTiO^ samples and
showed that it is a close analog to BaTiO^, with a p-n
transition resulting from the acceptor impurities present.
Since the predominant defect reaction in SrTiO^ has
been shown to be the evolution of oxygen to form V Q
‘ ' and
free electrons, the excess electrons contributed by a donor
should find no ready compensation mechanism, thereby fixing
a high carrier concentration and depressing the V ^ ’ to give
a nearly defect free, highly conductive material.

Instead,

donor-doped SrTiO^ is found to have a very low conductivity
under oxidizing conditions, which then sharply increases
under reduction.

It seems apparent that some form of ionic

compensation is occurring, and indeed, recent work on La-

2

doped SrTiO^ by Eror and Balachandron^ shows that when
reduced, it displays a reversible weight loss which is
directly proportional to the donor concentration.

However,

X-ray diffraction studies, also performed by Eror and Bala7
chandron have shown that the lattice parameters vary lin
early to a La content as high as 40 mole %, and appear to
be the same in both the oxidized and reduced states.

There

fore it is possible to conclude that:
i)

the lattice papameter changes indicate that La sub
stitutes for Sr in both the reduced and oxidized
state without the formation of any additional
phases;

ii)

the absence of any change in lattice parameters
between the oxidized and the reduced states elim
inates any interstitial mechanism;

iii)

The direct variation with La content and the mag
nitude of the weight losses eliminates a grain
boundary effect.

It is possible that titanium vacancies, V ”d ', or site
switching could occur though they seem energetically unlikely
in a perovskite lattice.

Titanium vacancies in particular,
g
have been suggested as a possible compensation mechanism.
Eror and Smyth concluded that the best way to recon
cile these apparently contradictory results was to postulate
the presence of an as yet undetected crystallographic accom
modation of the absorbed oxygen, possibly in a way similar

3

to one of the Ruddlesdon-Popper phases.
by the work of Odekirk et a l .^

This is supported

who found evidence for V

in La-doped SrTiO^ using low temperature conductivity
measurements, and by Tilley‘S

who observed by electron

microscopy that excess SrO was accommodated in SrTiO^ by
the formation of lamellar structures.
It was, therefore, the intent of this study to more
fully investigate the thermogravimetric vs. Pq

behavior

of donor-doped SrTiO^, and to compare these experimental
results to the behavior predicted by a model based upon a
crystallographic defect mechanism.
II.

EXPERIMENTAL PROCEDURE

Strontium titanate powders were prepared with varying
mole % La contents using the method first proposed by
Pechini

12

.

In this procedure, quantitative amounts of La

carbonate (Apache Chemical Co., reagent grade), Sr carbon
ate, and an organic titanate (Tyzor, DuPont), were dissolved
in a citric acid-ethylene glycol solution.

This solution

was slowly evaporated to an amorphous solid without the
formation of any precipitates.

Following evaporation,

this material was calcined at approximately 800°C, in
order to remove the organics and form the oxide.

Some

typical chemical analyses are presented in Table I .
The experimental apparatus consisted of a balance from
which a relatively large sample (60-80 gms.) of one of the
above powders could be suspended in a vertically mounted

TABLE I .

TYPICAL CHEMICAL ANALYSIS

(parts per million

Mg

1730

Ca

1140

Cl

860

Na

260

Fe

100

Ni

100

A1

80

Ba

70

Cu

60

K

50

Cr

20

Analysis was performed on an undoped sample of SrTiO^
by neutron activation analysis at Oak Ridge National
Laboratories.

5

tube furnace.
in which the PQ

This was constructed as a closed system with
could be controlled by varying the inlet

°2~N2 or C02~^orm^n^ 9as (90% ^

- 10% H^) ratio.

It was

necessary to monitor the P_

by pre or post-sampling the
2
gas mixture with a yttria-stabilized ZrC>2 oxygen sensor in
a separate furnace, since experimental conditions far ex
ceeded the operating range of such sensors.

The actual ex

perimental P

was then calculated using the sensor emf and
°2
the known thermodynamic relations of the
anc^ H 2-<“°2

gas systems.
These calculations were verified by reducing a sample
of Fe2C>2 , observing the hematite-magnetite and the magnetitewustite phase boundaries, and comparing these calculated
values to those accepted in the literature.

13 14
'

With the

addition of a minor correction factor, excellent agreement
with the known values was obtained.

These Pn

values are

u2

considered to be accurate to within two tenths of an order
of magnitude, except near the N 2_02 to CC^-forming gas
transition where reactions involving impurities in the
gases become significant.
After preheating one of these powders to 1400°C to
minimize any volatiles, a 60 to 80 gram sample was weighed
out to 0.1 mg and suspended in the furnace, which was then
raised to the desired temperature.

The experiment was be

gun by either fully oxidizing or reducing the sample,
taring the balance to zero,

and measuring the relative

6

weight changes as P_

was varied in a stepwise fashion.
2
When the full range of achievable P 's had been covered,
°2
the sample was returned to its original oxidation state to
determine if any irreversible weight losses had occurred.
The furnace was then raised to a new temperature and the
procedure repeated.
With a gas flow rate of 0.5 cm/sec., weight changes of

1 mg., or 6 x 10 ^ moles oxygen, were detectable with this
system.

The temperature control was accurate to within 2 C.

III.

RESULTS AND DISCUSSION

Typical results of these experiments are displayed in
Figs. 1-5, where the moles of excess oxygen per mole sample
are plotted vs. log PQ

as experimental temperatures increase.

The total moles of oxygen absorbed is approximately equal to
the expected value of half the total moles of La present,
which implies that full compensation of the La is being
achieved.

No irreversible weight loss was detected for any

of the samples, within the sensitivity range of the system.
The solid curves shown are the values predicted from the
proposed model.
Ruddlesdon and Popper

9

first noted that the Sr-Ti-0

system forms a series of x S r O y T i 0 2 compounds, and specifi
cally identified Sr2TiC>4 and S r ^ T i ^ ^

These compounds

appear as varying numbers of SrO layers interleaved within
perovskite layers, leaving the oxygen sublattice intact.

Figure 1.

Plot of moles excess oxygen (= moles SrO formed)
vs. log P
for 2% La doped SrTiO., at various tempera7

0.022

N30XXQ SS30X3 S31DW
Figure 2.

Plot of moles excess oxygen (= moles SrO formed)
vs log P
for 4% La doped SrTiO- at various tempera8

Micro

N33AXQ SS33X3 S310W
Figure 3.

Plot of moles excess oxygen (= moles SrO formed)
vs log P
for 8% La doped SrTiO^ at various tempera9

0.066

Figure 4.

Plot of moles excess oxygen (= moles SrO formed)
vs log P
for 12% La doped SrTiO- at various tempera10

110

N301XQ SS33X3 S330W
Figure 5.

Plot for moles excess oxygen (= moles SrO formed)
vs log P q
for 20% La doped SrTiO at various tempera-
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The assumption is that the donor dopant induces the absorp
tion of oxygen which reacts to form an SrO layer and leaves
If
Sr vacancies,, Vg , in the host lattice. Locally then, this
absorbed oxygen has reacted to form a structure similar to
fI
that of one of the higher Sr content phases, with Vgr com
pensating the donor.

It is not a true second phase because

the lattice is intact and no phase segregation or boundaries
have formed.

This excess oxygen is removed under reduction

and the compensation of the donor becomes electronic,
sharply increasing the electrical conductivity.
Since the
II
SrO and the associated V gr form layers of different composi
tion on specific crystal planes without altering the
perovskite lattice, this could be considered to be a crys
tallographic shear mechanism.
This model therefore assumes that the La donor is compensated by an equal number of Ti

3+

ions at low P

to give

°2
a good electronic conductor, virtually free of ionic
defects.

With increasing Pn , oxygen is absorbed, which re2
acts to form the SrO layers characteristic of a Ruddlesdon-

Popper type phase and leaves Vg'
r in the host lattice to com
pensate for the La3 + .

This reaction can be written as:

xSrO + Sr,
La V c T i '
Ti,
,_ 0_ +■
1-y-x y Sr^ y-2x l-y+2x 3
(1 )

Srl-yLayTiyTil-y°3 + f°2
where y = moles La, and x/2 = moles oxygen absorbed.
can be simplified to:

This

13

SrO + 2Ti +

t

Sr + 2Ti' + h02 (g) .

(2)

This model predicts that a maximum of y/2 moles of oxygen
will be absorbed from the reduced state by SrTiO^ donordoped with y moles of La and is in agreement with experi
ment .
It should be noted that V^'V could equally well have
been proposed here, to give the reaction:

°0 + |v»r +

+ 2Ti t Ti' + 3s0 2 (g) .

(3)

This model yields the same oxygen pressure dependence as
the model assumed above, making it experimentally impos
sible to distinguish between these two mechanisms by TGA
measurements.

Therefore, a

- V^'V pair is another

possibility, but will not be considered further here.
If the assumption is made that the activities of the
various species involved can be approximated

by their

mole fractions and that the activity of SrO is not unity
as a true exsolved phase would be, but also equal to its
mole fraction, then the equilibrium constant for E q . 2 can
be written in terms of y, the moles La present, and x,
the moles excess oxygen (also equal to the moles SrO
present) .

- j,
[1-Y-x] [y-2x] P 2
K = ----------------— 2
[x] 2 [l-y+2x] 2

(4)

14

Thus the equilibrium constant can be experimentally evalu
ated.

The parameter, x, can be expressed in terms of the

observed weight loss by this expression:
1
x =

2 -y

1
-

re

w

15 1

where w is the observed weight loss per mole sample.
As it is not possible from the nature of such TGA ex
periments to be certain that full oxidation or reduction
has been achieved, the absolute values found were not con
sidered as reliable as the relative changes in weight.
Therefore, a differential technique was developed by noting
that both x and y are small compared to 1, so that Eq. 2 can
be approximated by:
y-2x
K2=
x

0,
2

(6)

This expression can then be differentiated with respect to
x and log Pn

to obtain:
2
*5

dx

2
(7)

d(log P

)

(.5758)y

u2

If the approximation is made that dx/d(log P_ ) = Ax/Alog
U2
P , then a K value can be calculated from any pair of data
°2
points. Near the inflection point of the weight loss curve
the values of K were quite constant and the six consecutive
data points yielding the lowest variance in K were averaged
to find a best fit K.

These average equilibrium constants

were substituted into Eq. 2 to generate the predicted
excess oxygen lost, x, vs. log P_
u2

curves seen in Figs. 2-5.
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The fit between the predicted curve and the observed weight
loss can be seen to be quite good, though there is a per
sistent tendency for the slope of the actual data at the
inflection point to be sharper than the calculated de
pendence.

A listing of the calculated K values as a

function of donor content and temperature is given in
Table II.
Further analysis of this data can be performed by re
writing Eg. 6 to obtain:
x
Y

1
(8)

(K^/P’
j* + 2)
2

Since K is always a small number relative to 2, as P

apU2

proaches one atmosphere, x/y approaches h, but as P
°2
decreases, then this expression can be approximated by:

(9)

Therefore, a plot of log (x/y) vs. log P_

should be con2

stant at high P

, and then change to a ^ slope at low Pn .
2
z
Figs. 6,7 are typical of such plots, and it can be seen
that the slope is approximately k at low P

in agreement
z
with the model, though the 2% La and the 1200 C data can
vary significantly from this.
The free energies can be calculated from the equi
librium constants found above and are listed in Table II.
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T A B L E II.
TABLE OF THERMODYNAMIC VALUES

Mole % La
2%

4%

8%

12%

20%

Note:

Temperature (C)

Log K

1200
1250
1300
1350
1400

-3.60 ±.10
-4.20
-3.90
-3.70
-3.30

1200
1250
1300
1350
1400

-4.60 + .15
-3.75
-3.50
-3.30
-3.00

1200
1250
1300
1350
1400

-6.70 ±.20
-6.10
-5.90
-5.60
-5.10

1200
1250
1300
1350
1400

-4.70 ±.10
-4.40
-4.10
-3.80
-3.60

1200
1250
1300
1350
1400

-6.90 ±.25
-5.70
-4.65
-4.30
-4.00

s = standard deviation

= 115 kjoule/mole
3.1 "
s =
282
"
"
AH =
2.1
"
s =

AG

AG

=

s =
AH

=

s =

AG
s
AH
s

109 kjoule/mole
14
347

6.0

"

= 176 kjoule/mole
9.2 "
"
=
= 349
=
3.4 "

= 123 kjoule/mole
s =
7.1 "
A H = 264
s = 0.9

AG

= 152 kjoule/mole
"
s = 28
A H = 1520
s = 125.2
"
AG

17

Figure 6.

Plot of log (x/y) vs log PQ for
various mole percents of
2
La at 1300°C.

Log (X/Y)

T

Figure 7 .

Plot of log (x/y) vs log PQ
for various mole percents u 2
of La at 1300°C.
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Also included in Table II are the AH values of this re
action, which were obtained from a least squares fit of the
temperature dependence of the equilibrium constants.

These

values trend to be reasonably stable until 20 mole % La,
and then become significantly higher, implying that some
new mechanism is affecting the system, perhaps a type of
vacancy-vacancy interaction.

Unfortunately, these energies

actually represent the sum of several formation mechanisms
and it is not possible at this time to assign any specific
values.
IV.

CONCLUSION

The results of a series of weight change vs. P

ex-

2
periments performed on La-doped SrTiO^ show that a reversi
ble weight change occurs with oxidation-reduction which is
related to the amount of La present.

To explain this be 

havior a model is proposed which assumes that at low P
2
the donor is electronically compensated, but that at high
P

ionic compensation occurs by the absorption of suf°2
ficient oxygen to form SrO and
that is accommodated in

the lattice by an extended defect structure, instead of an
exsolved second phase.

The reasonable correlation be

tween the actual data and the predicted weight changes,
the correctly predicted power dependence of the log moles
SrO vs. log Pn plots, and the ability to calculate equi°2
librium constants from the data lend considerable credence
to this model.
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